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KINETICS OF HYDROGENOLYSIS OF 
LOW TEMPERATURE COAL TAR 
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A b s t r a c t  

The h y d r o g e n o l y s i s  o f  a low t e m p e r a t u r e  c o a l  t a r  i n  a b a t c h  a u t o -  
c l a v e  o v e r  a molybdenum t r i o x i d e  c a t a l y s t  y i e l d e d  77% g a s o l i n e  a t  
47S°C and 3000 p s i  p r e s s u r e .  The h i g h e s t  q u a l i t y  g a s o l i n e ,  con-  
t a i n i n g  60% a r o m a t i c s ,  was o b t a i n e d  i n  a y i e l d  of 47% a t  4 5 O o C  and 
a p r e s s u r e  o f  2500 p s i .  H y d r o g e n o l y s i s  o f  t a r  p r o c e e d s  t h r o u g h  a 
mechanism i n v o l v i n g  a c o m b i n a t i o n  o f  s i m u l t a n e o u s  and c o n s e c u t i v e  
c r a c k i n g  and h y d r o g e n a t i o n  r e a c t i o n s  and t h e  o v e r a l l  k i n e t i c s  
o b s e r v e d  i n d i c a t e d  t h a t  t h e  f o r m a t i o n  o f  g a s o l i n e  from t a r  is  of 
f i r s t - o r d e r  w i t h  an  a c t i v a t i o n  e n e r g y  o f  1 1 . 5  K c a l . / m o l e .  Chemi- 
s o r p t i o n  of  t a r  m o l e c u l e s  on  t h e  c a t a l y s t  s u r f a c e  a p p e a r s  t o  be 
t h e  r a t e - d e t e r m i n i n g  s t e p .  

I n t r o d u c t i o n  

H y d r o g e n o l y s i s  is a p o t e n t i a l  method f o r  t h e  t r e a t m e n t  o f  low t e m -  
p e r a t u r e  t a r s ,  m a i n l y  t o  c o n v e r t  t h e  whole t a r  or s e l e c t e d  f r a c t i o n s  
t o  motor  f u e l s .  Most of t h e  work r e p o r t e d  was done  i n  b a t c h  or con- 
tinuous sys t ems  and t h e  p r o d u c t  d i s t r i b u t i o n s  were i n v e s t i g a t e d  
o v e r  d i f f e r e n t  c a t a l y s t s  ( K a l e c h i t s  and S a l i m g a r e e v a  , 1956;  Lang 
and Lacey, 1960;  (Mrs.) Mirza ,  e t  a l .  , . 1 9 6 5 ) .  Very few d a t a  a r e  
so f a r  p u b l i s h e d  o n  t h e  k i n e t i c s  o f  c o a l  t a r  h y d r o g e n o l y s i s ,  though 
some work was r e p o r t e d  cn t h e  k i n e t i c s  o f  t h e  h y d r o g e n a t i o n  o f  pu re  
compounds p r e s e n t  i n  t a r s  (Wi l son ,  e t  a l . ,  1957 ;  Owens and Amberg, 
1962 ;  Tarama, e t  a l . ,  1 9 6 3 ) .  I n  t h e  p r e s e n t  communica t ion ,  t h e  
r e s u l t s  o f  t h e  h y d r o g e n o l y s i s  o f  a low t e m p e r a t u r e  t a r  i n  a b a t c h  
a u t o c l a v e  o v e r  a molybdenum t r i o x i d e  c a t a l y s t  a r e  r e p o r t e d .  The 
i n f l u e n c e  of p r o c e s s  v a r i a b l e s  o n  p r o d u c t  d i s t r i b u t i o n  and an o v e r -  
a l l  k i n e t i c  e v a l u a t i o n  o f  t h e  d a t a  a r e  p r e s e n t e d .  

Exper iment  a 1 

Materials. 

Low t e m p e r a t u r e  t a r  (Tab le  I) o b t a i n e d  from a h i g h  v o l a t i l e  b i t u m i n o u s  
c o a l  by c a r b o n i z a t i o n  a t  6500C was used a s  t h e  f e e d  m a t e r i a l .  
g r a d e  molybdenum t r i o x i d e  w i t h  a s u r f a c e  a r e a  o f  190  s q u a r e  meters 
per gram and - 2 0 0  mesh s i z e  was used a s  t h e  c a t a l y s t .  Pu re  hydrogen 
was t a k e n  from a c y l i n d e r  w i t h  a maximum p r e s s u r e  of 2300 p s i .  

Ana la r  
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- Equipinent . 

A ] . . . l i t r e  h i g h  p r e s s u r e  a u t o c l a v e  (F iguve  I . ) ,  prov.itled w i t h  a mag- 
n e t i c  d r i v e  s t i r r e r  o f  1800 r . p . m . ,  p r e s s u r e  and t e m p e r a t u r e  con-  
t r o l  d e v i c e s ,  l i q u i d  and g a s  s a m p l i n g  l i n e s ,  and w a t e r  quench ing  
sys t em was used f o r  t h e  e x p e r i m e n t a l  work. 

Experimeni;ai  p r o c e d u r e .  

I n  e a c h  e x p e r i m e n t ,  100  grams o f  t a r  and 5 grams o f  t h e  c a t a l y s t  
were u s e d .  The equ ipmen t  was e v a c u a t e d  t o  remove most of t h e  a i r ,  
f i l l e d  w i t h  h y d r o g e n ,  and h e a t e d  t o  t h e  cfesire? t e m p e r a t u r e .  ' The 
t e m p e r a t u r e  r o s e  t o  300°C i n  21 mi.nutes and 500°C i n  28 m i n u t e s .  
The r e a c t i o n  t i m e  w a s  t a k e n  from t h e  s t a r t  of h e a t i n g  t h e  e q u i p -  
ment .  When t h e  r e a c t i o n  t e m p e r a t u r e  was r e a c h e d ,  t h e  h o t  p r e s s u r e  
w a s  a d j u s t e d  t o  t h e  e x p e r i m e n t a l  v a l u e .  P r e s s u r e  was ma in ta ined  
c o n s t a n t  e x c e p t  i n  e x p e r i m e n t s  conducted  a t  p r e s s u r e s  h i g h e r  t h a n  
2000 p s i  where t h e r e  was a r e d u c t i o n  o f  a b o u t  1 0 0  p s i  d u r i n g  t h e  
course o f  t h e  e x p e r i m e n t .  E x p e r i m e n t s  were conducted  a t  d i f f e r e n t  
r e a c t i o n  t i m e s  d e p e n d i n g  upon t h e  r e a c t i o n  t e m p e r a t u r e  ( T a b l e  11). 
A t  t h e  end o f  t h e  r e a c t i o n  t i m e ,  . h e a t i n g  was s topped  and t h e  prod-  
u c t  was quenched r a p i d l y  b y  c i r c u l a t i n g  w a t e r  .in t h e  c o o l . i n g  c o i l  
immersed i n  i t .  It t o o k  1 t o  2 m i n u t e s  t o . c o o . 1  t h e  p r o d u c t  down ' 

t o  25OoC and 15  m i n u t e s  t o  a tmospher . ic  t e m p e r a t u r e .  The p r e s s u r e  
w a s  t h e n  r e l e a s e d  and  Lhe a u t o c l . a v e  opened .  The p r o d u c t  was t r a n s -  
f e r r e d  t o  a b e a k e r ,  f i l t e r e d  t o  remove t h e  c a t a l . y s t ,  and t h e  w a t e r  
w a s  s e p a r a t e d  t o  .get  t h e  t o t a l ,  o i l  p r o d u c t .  The mechan ica l  l o s s e s  
w e r e  found t o  b e  less t h a n  1%. The y i e l d  o f  t h e  p r o d u c t  was t a k e n  
a s  100% and 1 0 0  m i n u s  t h e  volume of t h e  t o t a l  o . i l  p r o d u c t  was t a k e n  
a s  p e r c e n t  c o n v e r s i o n  t o  gas .  The t o t a l  o i l  p r o d u c t  was washed 
w i t h  10% sodium h y d r o x i d e  and 2 0 %  s u - l f u r i c  a c i d  t o  remove t a r  
a c i d s  and bases ,  r e s p e c t i v e l y .  The n e u t r a l  o i l  was t h e n  d i s t i l l e d  
t o  g e t  a g a s o l i n e  f r a c t i o n  b o i l i n g  up t o  2 3 0 n C ,  a midd le  o i l  f r a c -  
t i o n  from 230° t o  3 6 0 O C  and r e s i d u e .  

P r o d u c t  a n a l y s i s .  

T a r  a c i d s  and b a s e s  w e r e  e s t i m a t e d  by e x t r a c t i o n  w i t h  10% sodium 
h y d r o x i d e  and 20% s u l f u r i c  a c i d ,  r e s p e c t i v e 1 . y .  Hydrocarbon t y p e  
a n a l y s i s  w a s  done  by t h e  F l u o r e s c e n t - I n d  i .cator . . .Adsorpt ion method 
( A S T M ,  D-.1319--65T). The hydroca rbon  t y p e s  i n  t h e  n e u t r a l  o i l  
f r a c t i o n  from t h e  f e e d  were de te rmined  by w a s l u n g  w i t h  20% s u l -  
f u r i c  . a c i d  f o r  o l e f i n s  and a m i x t u r e  o f  70$ c o n c e n t r a t e d  s u l f u r i c  
a c i d  and 30% phosphorus  p e n t o x i d e  (ASTM, D..101()-.62) f o r  a r o m a t i c s  
The g a s  a n a l y s i s  was d o n e  b y  g a s  ch romatography  i n  t h e .  F.M. Model  
720 d u a l  column programmed t e m p e r a t u r e  g a s  ch romatograph .  

R e s u l t s  and D i s c u s s i o n  

The l i q u i d  p r o d u c t  from hyt l rogonol .ys i s  corita.inetl 3 t o  3 c . c  o f  
..-uL. ....LLh I X L ~ S ~ L .  have Leer1  F o r m e d  by thc:  iiytlrogc:n;it.ion o f  t a r  
a c i d s .  The g a s e o u s  p r o d u c t  c o n t a  inetl hydrngei,i SUI f icle and ammonia 
w 3 c o m  ... I.;.. ...;-LA 
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which c o u l d  n o t  be q u a n t i t a t i v e l y  e s t i m a t e d .  They migh t  have peen  
formed by t h e  h y d r o g e n a t i o n '  o f  he t r rocompounds  c o n t a i n i n g  s u l f u r  
and n i t r o g e n .  

Product -g is  t r i b u t i o n ,  

The y i e l d  of  g a s o l i n e  and g a s  i n c r e a s e d  ] . i n e a r l y  w i t h  tc:rr~per-at.ure 
w h i l e  t h e  mi- 'd le  o i l  and r e s i d u e  d e c r e a s e d .  Gaso:line and g a s  w e r e  
formed b y  t h e  h y d r o g e n o l y s i s  of midd le  oi:l- and r e s i d u e  ( F i g u r e  2 ) .  
The c o m p o s i t i o n  o f  g a s o l i n e  ( F i g u r e  3 )  i n d i c a t e d  t h a t  h y d r o g e n a t i o n  
r e a c t i o n s  t o o k  p l a c e  u n d e r  a l l  t e m p e r a t u r e  c o r r d i t i o r i s  a t  3000 p s i .  
The g a s o l i n e  y i e l d  i n c r e a s e d  a t  d i f f e r e n t  r-ate,s w i t h  p r e s s u r e  wit.h 
a c o r r e s p o n d i n g  d e c r e a s e  i n  t h e  y i e l d s  of midd le  o i l  and r-esidun 
( F i g u r e  4 ) .  
r a n g e  500 to 1500 p s i ,  s l o w i n g  down i n  t h e  r a n g e  ,1500 t o  2 5 0 0  p s i  
and i n c r e a s i n g  a g a i n  a t  h i g h e r  p r e s s u r e s .  The r e s i d u e  d e c r e a s e d  
r a p i d l y  b u t  t h e  gas y i e l d  remained  a l m o s t  c o n s t a n t '  i n  the range. 
500 t o  1500 p s i  ( T a b l e  111). P r e s s u r e  d o e s  n o t  s e e m  t o  have  a 
marked i n f l u e n c e  o n  c r a c k i n g  r e a c t i o n s  i n  t h e  r a n g e  500  t o  1500  
p s i  b u t  t h e  i n c r e a s e  i n  g a s o l i n e  y i e l d  may b e  d u e  t o  t h e  s u p p r e s -  
s i o n  of coke- forming  r e a c t i o n s .  I n  t h e  r a n g e  2000 t o  2500 p s i !  
p a r t i a l  h y d r o g e n a t i o n  of a r o m a t i c s  t o  h y d r o a r o m a t i c s  t a k e s  p1.ace 9 

fo l lowed  by t h e  c r a c k i n g  o f  t he  l a t t e r  which  i n c r e a s e s  t h e  y i e l d  of 
g a s o l i n e  and i ts  aromatic c o n t e n t  A t  h i g h e r   pressure:^, complete,  
h y d r o g e n a t i o n  of aromatics t o  t h e  c o r r e s p o n d i n g  naph, thenes  t a k e s  
place,  t h u s  i n c r e a s i n g  t h e  g a s o l i n e  y i e l d  and i'ts s a t u r a t e d  hydro -  . 
c a r b o n  c o n t e n t  ( F i g u r e  5 ) .  High a r o m a t i c  g a s o l i n e s  w e r e  formed i n  
t h e  p r e s s u r e  r a n g e  2000 t o  2 5 0 0  p s i .  A maximum y i e l d  of 77% o f  
g a s o l i n e  was o b t a i n e d  a t  4 7 5 O C  and 3000 p s i  p r e s s u r e  b u t  t h e  h i g h e s t  
q u a l i t y  p r o d u c t  c o n t a i n i n g  60% a romat i c s  w a s  formed a t  45OoC and 
2 5 0 0  p s i  p r e s s u r e  i n  a y i e l d  of 47%. 

- K i n e t i c s .  

E q u i l i b r i u m  w a s  r e a c h e d  a t  d i f f e r e n t  t i m e  p e r i o d s  a t  d i f f e r e n t  t e m -  
p e r a t u r e s  w i t h  r e s p e c t  t o  g a s o l i n e  f o r m a t i o n  ( F i g u r e  6 ) .  P l o t  of 
log $& v e r s u s  t i m e  ( F i g u r e  7 ) ,  where  ltatt is  t h e  e q u i l i b r i u m  con-  
v e r s i o n  t o  g a s o l i n e ,  i s  l i n e a r  and t h e  h y d r o g e n o l y s i s  r e a c t i o n s  w i t h  
r e s p e c t  t o  g a s o l i n e  f o r m a t i o n  f r o m  t a r  a r e  f i r s t - o r d e r .  The' f i r s t -  
o r d e r  r a t e  c o n s t a n t  c a n  t h u s  be r e p r e s e n t e d  b y  e q u a t i o n  1.. 

The r a t e  of g a s o l i n e  format . ion was h.igh i n  t h e  p r e s s u r e  

d ( G a s o l i n e )  = kg (Tar-) 
d t  

Where kg is t h e  r a t e  c o n s t a n t  for g a s o l i n e  f o r m a t i o n  
f o r m a t i o n  r e a c t i o n s  f o l l o w  t r u e  A r r h e n i u s  t e m p e r a t u r e  dependence  
( F i g u r e  8) and t h e  r a t e  c o n s t a n t  c a n  b e  r e p r e s e n t e d  by e q u a t i o n  2 .  

The g a s o l i n e  

The e n t h a l p y  and e n t r o p y  o f  a c t i v a t i o n  c a l c u l a t e d  from E y r i n g * s  p l o t  
( F i g u r e  9 )  are 10 ,500  c a l . / m o l e  and - 5 7 . 8  e . t i . ,  r e s p e c t i v e l y .  
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The p r o d u c t  d i s t r i b u t i o n  d a t a  i n d i c a t e d  t h a t  t h e  h y d r o g e n o l y s i s  o f  
l ow- tempera tu re  t a r  p roduces  midd le  o i l ,  g a s o l i n e ,  and g a s  by a 
mechanism i n v o l v i n g  a combina t ion  of s i m u l t a n e o u s  and c o n s e c u t i v e  
c r a c k i n g  and h y d r o g e n a t i o n  r e a c t i o n s  a s  can b e  r e p r e s e n t e d  by 
s t e p s  ( i )  to ( x i i i ) .  

H 2  e H I +  H* (1) 

R 1  - R 2  -+ R i  + R)2 ( l i )  

( i i i )  R 3 H 2 C  - SR4 --i, R3H2C0+ RqS' 

R g H 2 C  - NR6 + R s H 2 C o +  R6$ ( i v )  

( V I  R7H2C - O R 8  --j R7H2C0+ R g 0 *  

g1 + )r+ R1H ( v i )  

Rr2 + $+ R2H 

R3H2C' + H'-+ R3CH3 ( v i i i )  

( v i i  ) 

RsHzC'+ Ha+ R s C H 3  ( i x )  

R7H2Ce+ H ' j  R7CH3 \ ( X I  

R 4 9 +  H ' j  R4H + H 2 S  ( x i )  

%Ne+ He+ %H + NH3 

RgO'+ Ha+ RgH + H 2 0  

( x i i  ) 

( x i i i )  

Where "R" r e p r e s e n t s  a hydroca rbon  r a d i c a l  or hydrogen  atom. S t e p  
(i) r e p r e s e n t s  d i s s o c i a t i o n  o f  hydrogen  m o l e c u l e s  and t h e  concen-  
t r a t i o n  of hydrogen  a t o m s  depends  upon t h e  d i s s o c i a t i o n  e q u i l i b r i u m .  4 

S t e p s  ( i i )  t o  ( v )  r e p r e s e n t  b r e a k a g e  of C-C, C - S ,  C-N, and C - 0  bonds 
p r e s e n t  i n  t h e  h y d r o c a r b o n  and h e t e r o m o l e c u l e s  of t a r  and s t e p s  
( v i )  t o  ( x i i i )  i n d i c a t e  h y d r o g e n a t i o n  r e a c t i o n s .  The s t e p s  l i s t e d  
above  a r e  t h e  p r i n c i p a l  r e a c t i o n s  t h a t  a r e  l i k e l y  t o  o c c u r  d u r i n g  
t h e  h y d r o g e n o l y s i s  of t a r  and i n d i c a t e  t h a t  t h e  o v e r a l l  k i n e t i c s  
o b s e r v e d  r e s u l t e d  f r o m  a s e q u e n c e  of t h i s  t y p e .  I n  t h e  p r e s e n c e  
of a n  i n i t i a l  excess of hydrogen , .  t h e r e  w i l l  b e  a p reponderance  of 

a toms  o c c u r  f r e e l y  and  r a p i d l y .  S t e p s  ( v i )  t o  ( x i i i )  a r e  t h u s  
e x p e c t e d  t o  be f a s t  and  c a n n o t  b e  r a t e - c o n t r o l l i n g .  Any s t e p  
i n v o l v i n g  hydrogen  may l i m i t  t h e  r a t e  o n l y  when hydrogen  concen-  
t r a t i o n  is v e r y  low.  The c r a c k i n g  r e a c t i o n s  t a k i n g  p l a c e  must be 
p u r e l y  of a t h e r m a l  n a t u r e  and need h i g h e r  a c t i v a t i o n  e n e r g i e s  t h a n  
t h o s e  o b t a i n e d  i n  t h e  p r e s e n t  work. Hence, s t e p s  ( i i )  t o  ( v )  canno t  
be r a t e - d e t e r m i n i n g .  It is w e l l  e s t a b l i s h e d  t h a t  a l l  t h e  h e t e r o -  

f r o m  t h e  bu lk  p h a s e  to t h e  c a t a l y s t  s u r f a c e ,  ( 2 )  a d s o r p t i o n  of t h e  

hydrogen  a toms and t h e  r e a c t i o n s  between r a d i c a l s  and hydrogen  I :  

-...,alj;tic ^..C p r o c e s s e s  i n v o l v e  ( 1 )  d i f f u s i o n  of t h e  r e a c t a n t s  
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r e a c t a n t s  on t h e  c a t a l y s t  s u r f a c e ,  ( 3 )  r e a c t i o n  o f  t h e  adsorbed  
m o l e c u l e s  t o  form p r o d u c t s ,  ( 4 )  d e s o r p t i o n  o f  t h e  p r o d u c t s ,  and 
( 5 )  d i f f u s i o n  of t h e  d e s o r b e d  p r o d u c t s  f rom t h e  c a t a l y s t  s u r f a c e  
t o  t h e  b u l k  p h a s e .  The magni tude  of t h e  a c t i v a t i o n  e n e r g y  o b t a i n e d  
w i l l  e x c l u d e  s t e p s  1, 4 ,  and 5 f r o m  b e i n g  r a t e - l i m i t i n g ,  It was 
shown by t h e  f o r e g o i n g  d i s c u s s i o n  t h a t  s t e p  3 d i d  n o t  c o n t r o l  t h e  
r a t e .  T h e r e f o r e ,  s t e p  2 ,  i n v o l v i n g  t h e  a d s o r p t i o n  o f  t h e  r e a c t a n t s  
on  t h e  c a t a l y s t  s u r f a c e ,  must  be  r a t e - d e t e r m i n i n g .  P h y s i c a l  adso rp -  
t i o n  c a n n o t  o c c u r  a t  h i g h  t e m p e r a t u r e s  used i n  t h i s  i n v e s t i g a t i o n .  
Hence, c h e m i s o r p t i o n  of t h e  t a r  m o l e c u l e s  on t h e  s u r f a c e  of  t h e  
c a t a l y s t  must be t h e  r a t e - c o n t r o l l i n g  s t e p  i n  t h e  h y d r o g e n o l y s i s  
of t a r .  
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Table  1 .  P r o p e r t i e s  of low temperature  t a r  

S u l f u r ,  w t .  % 

Nitrogen ,  w t .  % B ' Oxygen, w t .  % i 
Carbon, w t .  % 

Hydrogen, w t  . % 

i D i s t i l l a t i o n  d a t a  

I I.B.P., OC 

14 w t .  % 
I 

h\ 50 w t .  % 

5 5  u t .  % 
I 

Res idue ,  w t .  % 

Hydrocarbon t y p e s  i n  n e u t r a l  f r a c t i o n  up 
' t o  345oc, vol. % 

i \  S a t u r a t e s  

1 . 0 4 2 6  

0 . 9 4 2 4  

0 . 8 2 1 3  

4 . 1  

8 4 . 9  

9 . 3  

1 8 0  

230 

3 2 5  

345  

4 5 - 0  

2 0 . 0  

O l e f i n s  1 5 . 0  

Aromatics 6 5 . 0  
I 
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Table 11. E f f e c t  of temperature on product  d i s t r i b u t i o n .  
Pressurei 3 O O o  p s i  

Temperature , OC 

React ion  t i m e ,  h r s .  

Product  d i s t r i b u t i o n ,  w t .  % 

Gas0 1 i n e  

Middle o i l  

Gas 

Residue 

Tar acids, vol. % 

Tar b a s e s ,  v o l .  % 

Composit ion of g a s o l i n e  , 
v o l .  % 

S a t  u r a t e s  

O l e f i n s  

A m m a  t ics 

3 50 

26 

23 

50 

n i l  

27  

1 5  

2 

71  

2 

27  

375 

20  

33  

4 6  

1 

2 0  

2 

1 

7 3  

2 

25  

4 0 0  

1 8  

4 6  

34 .5  

2 - 5  

1 7  

n i l  

n i l  

74  

2 

24 

425 

14 

56  

26 

3 

15 
4 

- 

79 

1 

2 0  

4 5 0  . 

1 2  

65 

1 7 . 5  

4 . 5  

1 3  

- 
- 

80 

1 

19 
'1 
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